Adenosine is a potent cerebral vasodilator. We tested the hypothesis that dilatation of collateral ves sels in cerebrum. in response to topical adenosine and 2-chloroadenosine (2-CAD), would increase blood flow to collateral-dependent cerebrum. In dogs anesthetized with halothane, a branch of the middle cerebral artery (MCA) was occluded proximally and cannulated distally. The collateral-dependent area at risk for infarction was per fused from a reservoir with microsphere-free blood, and blood flow to normal cerebrum and to cerebrum depen dent on collateral flow was measured with radioactive microspheres injected into the left ventricle through a femoral artery catheter. Perfusion through the cannulated MCA branch was stopped, and flow to normal and col lateral-dependent cerebrum was measured after adeno sine (10 -2 M) or 2-CAD (10-4 M) was added to the su perfusate over the cerebrum. In normal cerebrum, topical
The role of adenosine in regulation of regional cerebral blood flow (rCBF) has been studied rela tively extensively. Pial vessels dilate in response to adenosine and its analogue 2-chloroadenosine (2-CAD; Berne et aI., 1974; Wahl and Kuschinsky, 1976; Gregory et aI., 1980; lbayashi et al. 199 1) . Release of adenosine in cerebrum is enhanced dur ing ischemia, hypoxia, and seizures (Winn et aI., 1979a; Winn et aI., 1979b; Winn et al. 198 1a; Van Wylen et aI., 1986; Park et aI., 1987) .
Collateral vessels on the cortical surface dilate after occlusion of a cerebral artery (Muhonen et al., , 1994a (Muhonen et al., , 1994b . In canine cerebrum, collaterals maintain blood flow to potentially ischemic cere-application of adenosine increased flow to outer but not inner layers. Topical application of adenosine had little effect on flow to collateral-dependent tissue. In normal cerebrum, 2-CAD increased flow to outer layers, whereas flow to inner layers tended to increase. During 2-CAD, flow to outer cortical layers of collateral-dependent cere brum increased from 140 ± 20 mlilOO g/min (mean ± SD) to 23 1 ± 68, whereas flow to the inner collateral dependent tissue did not change. The findings indicate that, after occlusion of a cerebral artery, topical 2-CAD increases blood flow to outer layers of collateral dependent and normal cerebrum. The findings suggest also that, after arterial occlusion, collateral circulation to cerebrum has dilator reserve, and flow to tissues that are dependent on collaterals may be augmented. Key Words: Adenosine-Cerebrum-Collateral blood flow-Dog Microspheres.
brum at levels that are nearly equal to blood flow present before arterial occlusion. Dilatation of ce rebral collateral vessels and augmentation of blood flow to collateral-dependent cerebrum may be me diated in part by nitric oxide (Muhonen et aI., 1994b) . The role of adenosine in dilatation of collat eral vessels in the cerebrum is not clear.
It is not known whether flow through cerebral collaterals can be increased by topical application of vasodilator stimuli. Because adenosine is a po tent cerebral vasodilator, it might be expected to dilate cerebral collateral vessels after arterial occlu sion. Conversely, because adenosine may not con tribute to vasodilation during hypotension (Park et aI., 1988; Van Wylen et aI., 1988) , adenosine might not be expected to produce collateral vasodilata tion. To examine effects of adenosine on collateral vessels after arterial occlusion, we used a technique that allowed evaluation of responses of normal and collateral-dependent cerebral vasculature (Loftus et aI., 1990; Muhonen et aI., 1992 Muhonen et aI., , 1994a Muhonen et aI., . 1994b Greene et aI., 1992) . Responses were tested during topical application of adenosine and 2-CAD. 2-Chloroadenosine, a synthetic analogue of adeno sine, was used in our study because it is metabo lized less rapidly than adenosine (Winn et aI., 198 1b; Van Wylen et aI., 1989; lbayashi et aI., 199 1) . We used high concentrations of adenosine and 2-CAD to obtain maximum penetration into ce rebral tissue to allow assessment of vasodilator re serve after middle cerebral artery (MCA) branch occlusion. We hypothesized that blood flow to col lateral-dependent tissue would be augmented, espe cially during 2-CAD, and that augmentation of blood flow would be greater to outer cortical tissue than to inner cerebral tissue.
MATERIALS AND METHODS
Fifteen mongrel dogs weighing 15-22 kg were anesthe tized with thiopental sodium (25 mg/kg i.v.), and the tra chea was intubated. Anesthesia was maintained with 1% halothane and 45% O2/55% N20 mixture (Harvard pump respirator, Harvard Apparatus Company, Inc., Millis, MA, U.S.A.). Core temperature, measured with a Swan Ganz catheter in the pulmonary artery was 37.2 ± 0.8°C (mean ± SD) and did not change significantly during in terventions. Catheters were placed in a femoral and bra chial artery for withdrawal of reference blood samples, in a brachial artery for measurement of arterial pressure, and in a femoral vein for administration of fluid and drugs. Blood was obtained from a brachial artery catheter to measure arterial blood gases. Baseline values were P02' 196 ± 9 mm Hg; pc02, 40 ± 0.4 mm Hg; and pH, 7.32 ± 0.03. No values changed significantly during interven tions.
A left frontal-temporal craniotomy was performed and, after the dura over the cerebral hemisphere was opened. the exposed brain was superfused with artificial cerebro spinal fluid (pH, 7.31 ± 0.07; CO2, 40 ± 0.3 mm Hg; 02' 46 ± 12 mm Hg). Temperature and partial pressure of gases in the superfusate were determined at the beginning and at the conclusion of superfusion and were not signif icantly different. The superfusate temperature was main tained at body temperature. A 7-Fr pigtail catheter. which was introduced previously into the left ventricle through a femoral artery, was used for injection of radioactive micro spheres to measure cerebral blood flow. Isotope labeled microspheres were selected randomly from a stock pool (153Gd, 141Ce. 113Sn, 95Nb, 85Sr. 46SC), and the order of injection was randomized. To measure flow, 106 micro spheres (15 /-Lm diameter) were injected into the left ventricle and flushed with 5 ml of saline over 5 s. The number of spheres was sufficient to assure �400 spheres per tissue sample. R�ference samples were withdrawn from the brachial and femoral arteries at 2.06 mllmin for a total of 2.5 min starting 30 s before injection of micro spheres (Busija et aI., 1981) .
We studied two groups of dogs (see the following). A large, primary MCA branch was ligated proximally and cannulated distally with siliconized PE-50 tubing (10 cm in length). Back pressure was recorded after the tubing was secured. Collateral-dependent regions of the brain J Cereb Blood Flow Metab. Vol. 15, No.6, 1995 were determined using the shadow flow technique. We described the method in detail previously (Loftus et aI., 1990; Muhonen et a!.. , 1994a Greene et a!., 1992) . Briefly, pressure in a normal branch of the MCA was determined using a micropipette and a servo-null sys tem. The micropipette was then inserted into the oc cluded MCA branch distal to the cannulation site. Autol ogous heparinized blood from a reservoir was perfused through the tubing in the cannulated MCA branch using a Harvard pump (Harvard Apparatus, Cambridge, MA, U.S.A.). Perfusion pressure through the cannulated ves sel was increased until pressure in the cannulated MCA branch was equal to that measured in the normal. non cannulated branch. Thus blood flow was prevented through collateral channels that supply the territory that was normally supplied by the occluded MCA branch.
Baseline measurement of rCBF was performed after exposure of the cerebrum and after artificial CSF was superfused for 30 min. The second measurement of re gional cerebral blood flow was performed during perfu sion of the cannulated MCA branch with microsphere free blood from a reservoir (shadow flow). This technique allows separation of collateral and overlap flow compo nents within the distribution of an occluded artery. The rationale underlying the separation of collateral flow and overlap flow has been discussed previously (Loftus et a!., 1990) . and the technique has been used extensively in the coronary circulation (Hir.zel et a!., 1976; Hirzel et a!.. 1977) . Beca4se the area at risk (that area identified mor phologically to be supplied by the cannulated vessel) was perfused with microsphere-free blood at a pressure that prevented perfusion in collateral channels. values for rCBF in the area at risk during the shadow flow reflect only overlap flow from adjacent vascular beds (Hirzel et a!.. 1976; Hirzel et a!., 1977; Loftus et a!., 1990; Muhonen et a!., , 1994a Greene et a!., 1992) . By study ing tissue within the vascular distribution of the cannu lated MCA branch in which flow was � 10 mlllOO g/min during shadow flow. we identified tissue that received primarily collateral flow with minimal contamination from overlap flow. After measurement of shadow flow, perfusion of the MCA branch from the reservoir was stopped, so that the area at risk was once again perfused by both collateral and overlap flow but not by the oc cluded MCA branch.
After 60 min, rCBF was again measured, and the values for the rCBF were used as baseline for comparison with values obtained during interventions. Back pressure in the cannulated branch of the MCA was recorded each time blood flow was measured. After this portion of the experiment, the animals were divided into two groups.
Topical adenosine (group 1)
Group 1 (n = 9) was studied during superfusion of a high concentration of adenosine (10 -2 M) over the corti cal surface for 30 min. Regional blood flow to ipsilateral normal and collateral-dependent cerebrum and to contra lateral cerebrum was measured. Middle cerebral artery back pressure was monitored continuously, and this pres sure was recorded during measurement of blood flow. This allowed calculation of resistance within the collat eral-dependent bed (see the following).
Topical 2-chloroadenosine (group 2)
A similar experimental protocol was followed in group 2 (n = 6). 2-Chloroadenosine ( 10 -4 M) was superfused on the cortical surface. After 30 min, similar measurements were performed as described for group 1.
Identification of the area at risk
At the end of each experiment, the cannulated branch of the MCA was again perfused with autologous blood (similar to shadow flow), thereby preventing blood flow through collateral channels. Fifty milliliters of 4% neutral red dye (Fisher Scientific Co., Fair Lawn, NJ, U.S.A.) was injected into the femoral vein and allowed to circu late for 2 min, creating a negative map of the area at risk. This approach is similar to that employed previously (Coyle and Heistad, 1986; Coyle and Heistad, 1987; Lof tus et aI., 1990; Muhonen et aI., 1992 Muhonen et aI., , 1994a Greene et a!., 1992) . The animals were killed with pento barbital (300 mg/kg i. v.), the cerebrum removed, sec tioned in the midline, and sliced into 3-mm coronal sec tions. The outer (cortical) and inner (subcortical) 3-4 mm of hemisphere tissue within the area at risk (as defined morphologically by absence of staining by neutral red) was dissected from the surrounding tissue and divided into tissue samples of 0.2-0.5 g. Similar samples were taken from ipsilateral normal cerebrum outside of the risk area and from contralateral cerebrum. These tissue sam ples were weighed and, along with reference blood sam ples, were counted in a 3-in well-type gamma counter for 5 min each.
Calculations and statistical analysis
Blood flow to a collateral-dependent, ipsilateral nor mal, and contralateral (normal) cerebrum was measured. Resistance within the collateral tissue was calculated from pressure in cannulated MCA branch/rCBF to collat eral-dependent region. Values are expressed as mean ± standard deviation. Flow, resistance, and pressure were compared within groups by the Duncan multiple-range test with Bonferroni correction for multiple comparisons.
In both groups, the values at 30 min were compared to the post-MCA occlusion baseline value. A p value of <0.05 was considered statistically significant.
RESULTS

Effects of adenosine (group 1)
Adenosine increased blood flow by �25% to outer layers of normal cerebrum ipsilateral to, but outside of, the collateral-dependent region (p < 0.05; Fig. 1 ). Flow to inner regions of normal cere brum tended to decrease during adenosine. There was no change in blood flow to the contralateral hemisphere during ipsilateral superfusion of adeno sine (data not presented). In collateral-dependent tissue, adenosine had little effect on blood flow to outer or inner cerebrum (Fig. 1) . After arterial occlusion, resistance in collateral dependent tissue decreased, and there was minimal change during adenosine (Table 1) . Systemic arte rial pressure did not change during the study (Table  1) . MCA back pressure decreased �50% after oc clusion, and pressure did not change during adeno sine (Table 1) . Thus there was pronounced vasodi lation in collateral-dependent tissue after occlusion of the branch of the MCA, but adenosine failed to decrease resistance in collateral-dependent cere brum or to increase blood flow or MCA back pres sure.
Effects of 2-chloroadenosine (group 2)
During 2-CAD, blood flow to outer layers of nor mal cerebrum ipsilateral to, but outside of, the col lateral-dependent zone increased greater than two fold (p < 0.05; Fig. 2 ). This change in blood flow was approximately eight times greater than changes during adenosine. Blood flow to inner regions of normal cerebrum did not increase significantly. In collateral-dependent cerebrum, blood flow to outer layers increased (p < 0.05), but flow to the inner region did not change significantly (Fig. 2) . Blood flow to the contralateral hemisphere did not change significantly during ipsilateral superfusion of 2-CAD: 117 ::+: 12 ml/l00 g/min at baseline and 103 ::+: 15 during 2-CAD (p > 0.05).
During 2-CAD, resistance in outer collateral dependent tissue decreased >50% and resistance in 
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Values are mean ± SD. CDZ, collateral-dependent zone; 2-CAD. 2-chloroadenosine. Arterial occlusion was performed in a branch of the middle cerebral artery (MCA). Aden osine and 2-CAD were applied topically in cerebrospinal fluid superfusate. the inner collateral-dependent tissue decreased -25% (p < 0.05 for both; Table 1 ). Systemic arterial pressure did not change during interventions (Table  1) . Middle cerebral artery back pressure decreased -50% after occlusion (Table 1 ). The increase in blood flow to collateral-dependent tissue during 2-CAD was associated with a further decrease in back pressure in the cannulated MCA branch (Ta ble 1). Thus superfusion of 2-CAD produced pro nounced vasodilation and a significant increase in blood flow to collateral-dependent cerebrum. blood flow to outer cerebral tissue but not to deeper regions of cerebrum. Thus vessels on the surface of collateral-dependent cerebrum respond differently than deeper vessels during superfusion of 2-CAD, or there is limited penetration through cerebral tis sue by 2-CAD. In contrast, topical adenosine in creased blood flow to normal cerebrum but had minimal effect on flow to collateral-dependent ce rebrum. Thus findings during superfusion of 2-CAD after MCA branch occlusion in dogs indicate that there is significant vasodilator reserve in collateral dependent cerebrum.
DISCUSSION
There are several new findings in this study. Af ter MCA branch occlusion in dogs, topical applica tion of 2-CAD augments normal and collateral occlusion) and eliminates from analysis artifactual overlap flow (which is present before and after ves sel occlusion; Loftus et ai., 1990; Muhonen et ai., 1992 Muhonen et ai., , 1993 Muhonen et ai., , 1994a Muhonen et ai., , 1994b Greene et ai. 1992) . A limitation of the approach is that dogs have more extensive collateral vasculature than humans, and dogs do not develop tissue infarction after occlusion of a branch of a cerebral artery. Cerebral collateral vessels arise primarily at the level of large extraparenchymal arteries, not princi pally at the level of microvascular anastomoses (Greene et ai., 1992) . In the nonischemic state, blood flow through potential collateral channels supplies normal cerebrum. These normal vessels become collaterals after a neighbor artery is oc cluded. During nonischemic conditions, flow through these vessels probably moves in one direc tion, although at other times, flow may move in the opposite direction and thus display "oscillating flow" (Rosenblum and Zweifach, 1963) . After arte rial occlusion, these collateral vessels dilate, and flow is probably unidirectional to the area at risk. In dogs, this collateral dilation after occlusion of an MCA branch is not maximal, because topical 2-CAD can reduce resistance in these vessels.
We calculated resistance of collateral-dependent tissue, using the formula: MCA back pressurelflow to a collateral-dependent tissue. The calculated val ues reflect changes in resistance within collateral dependent cerebrum, primarily in small ves' sels. Re sistance of inner and outer cerebrum was calculated using the same value for pressure, even though pressure within vessels of inner and outer tissue probably is different, which reduces the precision of values for resistance.
Resistance within collateral-dependent tissue is not the same as resistance of collateral vessels. Be cause collateral vessels are in part outside of the potentially ischemic cerebrum, it would be neces sary to measure pressure within these vessels to calculate precisely collateral vessel resistance. Be cause changes in blood flow to normal cerebrum were similar to changes in blood flow to collateral dependent cerebrum during adenosine and 2-CAD, and because collateral vessels are located in part over normal cerebrum, it is likely that changes in resistance of collateral vessels were similar to changes in resistance of collateral-dependent cere brum.
Effects of adenosine and 2-CAD
The concentrations of adenosine (10 -2 M) and 2-CAD (10-4 M) used in this study probably were higher than those required to obtain maximal va sodilatation. Maximal vasodilation may occur with an adenosine concentration of 10-3 M (Wahl and Kuschinsky, 1976) . Vasodilatation occurs with con centrations as low as 10-8 M and progresses with increasing concentration of adenosine. Although lower concentrations probably would produce max imal dilation of vessels on the surface of the cere brum, high concentrations were used to achieve maximum penetration by adenosine and 2-CAD into the outer and inner collateral-dependent cerebrum. In addition, cerebral vessels in this study were probably partially dilated by halothane, and high concentrations of the topical vasodilators achieved vasodilation beyond the effects of halothane. We do not know if similar effects would have occurred with lower doses of adenosine and 2-CAD.
Adenosine may contribute to increases in rCBF during increases in metabolism (Rubio et ai., 1975; Winn et ai., 198 1b, 1985; Phillis, 1989) . Topical ap plication of adenosine dilates pial arteries of the dog, cat, and rat (Berne et ai., 1974; Wahl and Kuschinsky, 1976; Gregory et ai., 1980; Dora, 1985; Morii et ai., 1986) . The degree of dilatation was independent of size for vessels of 10--50 iJ.m diam eter. We did not measure diameter of vessels on the surface of the brain and do not know which size vessels (small vs. large) dilated, accounting for in creases of blood flow during adenosine and 2-CAD.
Augmentation of blood flow in collateral-depen dent and normal cerebrum was significantly greater during 2-CAD than during adenosine. The greater response to 2-CAD was probably the result of limited penetration of brain tissue by adenosine. Adenosine is rapidly metabolized by several mech anisms, including incorporation into S-adenosylho mocysteine. phosphorylation by adenosine kinase to 5'-AMP, or through degradation by adenosine deaminase to inosine (Phillis, 1989) . During topical application of adenosine, concentrations of 10-3 M adenosine or 10-7 M 2-CAD are required to in crease cerebral blood flow in rats (Van Wylen et ai., 1989) . During superfusion of adenosine (10-3 M) over the cortex in dogs, 60% of brain penetration by adenosine occurs in outer 0. 1 mm of cortex, with a 50% increase in rCBF. During similar concentra tions of 2-CAD, rCBF increased >400% (Winn et ai., 198 1b) . Our study demonstrates that adenosine and 2-CAD had significantly different effects on blood flow to the outer cerebrum in both normal and collateral-dependent regions, with much higher levels of flow achieved during 2-CAD. The differ ence in responses probably is the result of less rapid metabolism of 2-CAD than adenosine, with greater penetration of 2-CAD into cerebral tissue.
Role of adenosine in autoregulation of cerebral blood flow
In experiments that have utilized potentially isch emic models, there are relatively large increases in cerebral interstitial fluid concentrations of adeno sine. Extracellular adenosine levels increased dur ing cerebral ischemia (three-vessel occlusion model) to concentrations nearly 30-fold greater dur ing normal conditions (Van Wylen et aI., 1986) . In rats exposed to sustained reduction in arterial pres sure, brain adenosine levels increased sixfold (Winn et aI., 1980) . These and other data suggest that adenosine is involved in autoregulation of cerebral blood flow during reduction of perfusion pressure (Phillis et aI., 1984) .
Other studies, performed during arterial hypoten sion, suggest that adenosine does not play a role in autoregulation of cerebral blood flow. In rats, aden osine is not responsible for cerebral autoregulation when arterial pressure is >50 mm Hg, but adeno sine may contribute to decreases in resistance when arterial pressure decreases <50 mm Hg (Van Wylen et aI., 1988) . During hemorrhagic hypotension in piglets, adenosine concentration in interstitial fluid from frontal cortex did not increase (Park et aI., 1988) . In our studies, we did not measure adenosine concentrations or give an adenosine antagonist, and we do not know if adenosine contributed to vasodi latation after MCA branch occlusion.
In summary, we have observed that there is va sodilator reserve after MCA branch occlusion in dogs. Blood flow to normal and collateral dependent cerebrum was high in this study, proba bly because halothane anesthetic was used. Normal values would be expected to be <80 mlilOO g/min (Albrecht et aI., 1977; Boarini et aI., 1984) . Despite high levels of resting blood flow, a large increase in blood flow to the collateral-dependent zone oc curred during 2-CAD. This finding indicates that the cerebral vasodilator response during MCA occlu sion alone did not elicit a maximal vasodilator re sponse. A significant vasodilator response, at least within outer cerebral tissue, can be obtained with topical application of 2-CAD. We have not tested other topical vasodilators, but it is likely that a sim ilar dilatory response could be achieved.
